Introduction {#Sec1}
============

Decision-making under uncertainty is central to daily functions, because our lives are filled with incomplete, ambiguous, and unpredictable components. Individuals with autism spectrum disorder (ASD), which is characterized by altered social interaction and atypical interests, frequently report having trouble making optimal decisions when faced with such uncertainty \[[@CR1]--[@CR3]\]. This, in turn, can negatively impact their social functioning. Improving our understanding of this problem could provide useful information to help develop practical interventions to improve quality of life in those with ASD.

In recent years, the field of behavioral economics has been expanding rapidly. Researchers in this field distinguish between two types of uncertainty: risk and ambiguity \[[@CR4], [@CR5]\]. Under "risk," the precise probabilities of certain outcomes can be estimated (e.g., gambling on a roulette wheel). However, in real-life situations, the probabilities of outcomes often cannot be estimated (e.g., the likelihood of a terrorist attack is unpredictable), and this latter type of uncertainty is referred to as "ambiguity." Previous studies of healthy populations have revealed high variability in individual attitudes toward risk and ambiguity, with little correlation between these measures across individuals \[[@CR5], [@CR6]\]. This suggests that attitudes toward risk and ambiguity independently contribute to decision-making under uncertainty. Please see Additional file [1](#MOESM1){ref-type="media"} (Supplementary Introduction) for details regarding risk and ambiguity attitudes.

To date, it has been indicated that individual risk and ambiguity attitudes are linked to various types of behavior, including self-insurance and risk-taking behavior \[[@CR7], [@CR8]\]. Using tools of behavioral economics, recent studies have begun to investigate risk and ambiguity attitudes with the aim of better understanding altered decision-making under uncertainty in specific clinical populations. For example, a previous study showed that ambiguity aversion was increased in individuals with obsessive-compulsive disorder \[[@CR9]\], while another study reported it was attenuated in those with schizophrenia \[[@CR10]\]. Findings from these studies laid the groundwork needed to improve the diagnosis and treatment of these psychiatric disorders.

These research findings raise a relevant question: how do individuals with ASD behave under risk and ambiguity? However, to the best of our knowledge, no study has investigated the attitudes of patients with ASD toward uncertainty by clearly distinguishing between risk and ambiguity. Several experimental studies have investigated decision-making under uncertainty in those with ASD, using the Iowa Gambling Task (IGT), which is a well-known behavioral task involving uncertainty \[[@CR11]\]. For example, Yechiam et al. reported that patients with ASD did not continue to increase their choices from advantageous decks at the same rate during the IGT when compared with healthy controls \[[@CR12]\]. However, an important consideration with the IGT is that the probability distribution is unknown to the participants at the beginning of the test, and they gradually learn this from feedbacks during the task. Therefore, the IGT is a complex measure with elements of decision-making under both risk and ambiguity, where poor performance may partially reflect dysfunctional learning abilities \[[@CR9], [@CR13]\].

From a different perspective, De Martino et al. examined the framing effect on monetary decisions in ASD \[[@CR14]\]. The framing effect is a well-known decision bias in which people react differently to a particular choice depending on whether it is presented in a positive context (gain) or in a negative one (loss) \[[@CR15], [@CR16]\]. Compared with neurotypical participants, adults with ASD demonstrated less susceptibility to the framing effect and made more consistent choices (the results have recently been replicated \[[@CR2]\]). The authors proposed that this insensitivity to contextual frame, although enhancing economic rationality, may come at a cost of impaired social skills in ASD \[[@CR14]\]. From this perspective, it is crucial to assess attitudes toward risk and ambiguity in both positive and negative contexts (gain and loss) and to investigate the sensitivity to the context change under risk and ambiguity to get a comprehensive picture of these attitudes among patients with ASD.

In this research, we studied risk and ambiguity attitudes in both gain and loss contexts in participants with ASD, using an economic task that clearly distinguished risk and ambiguity containing no feedback learning \[[@CR6], [@CR7], [@CR9], [@CR17]\]. Based on the studies mentioned, we hypothesized that ASD participants would exhibit distinctly altered behavioral patterns under risk and ambiguity. In addition, recent studies have shown the association of altered decision-making with the levels of autistic traits \[[@CR3], [@CR18]\]. Thus, we also administered the Autism-Spectrum Quotient (AQ) test \[[@CR19], [@CR20]\] to quantify ASD-related symptoms and exploratively performed correlation analyses between the task measures and AQ scores among ASD participants.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Twenty-seven adults with ASD and 27 healthy controls participated in this study. The sample size was determined based on previous studies on psychiatric disorders that used a similar task \[[@CR9], [@CR10]\]. Patients were recruited from a database of volunteers who had received a clinical diagnosis of ASD in outpatient units of the Showa University Karasuyama Hospital. The diagnostic procedure to identify patients with ASD was the same as in our previous studies \[[@CR21]--[@CR23]\]. Briefly, at least three experienced psychiatrists and a clinical psychologist assessed all the patients using the criteria of the Diagnostic and Statistical Manual of Mental Disorders, fourth edition text revision (DSM-IV-TR). The assessment consisted of participant interviews about developmental history, present illness, life history, and family history. Patients were also asked to bring suitable informants who had known them in early childhood. This process required approximately 3 h. A diagnosis of ASD was made only when there was a consensus between the psychiatrists and clinical psychologist. At the time of testing, an experienced psychiatrist evaluated psychiatric comorbidity using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID). No ASD participants satisfied the diagnostic criteria for substance use disorder, bipolar disorder, or schizophrenia. The controls were recruited through advertisements and acquaintances. They did not meet the criteria for any psychiatric disorders according to SCID performed by an experienced psychiatrist. No participants (ASD participants or controls) had any history of head trauma, serious medical or surgical illness, or substance abuse.

The intelligence quotient (IQ) scores of all ASD participants had been evaluated before the study using either the Wechsler Adult Intelligence Scale-Third Edition (WAIS-III) or the WAIS-Revised (WAIS-R). Each participant with ASD was considered to be high functioning because his or her full-scale IQ score was above 80. Although there are several minor changes in WAIS-III from WAIS-R (e.g., more items), the number of core items remained largely unchanged. Therefore, we considered that the WAIS-R and WAIS-III were essentially the same with regard to measuring the full-scale IQ score of individuals with ASD. The IQ scores of the controls were estimated using a Japanese version of the National Adult Reading Test (JART), based on the previous findings that JART successfully predicted the full-scale IQ score in the healthy population \[[@CR24], [@CR25]\].

Three ASD participants and one control were excluded from the analyses due to their poor performance in the numeracy test or the decision quality measures, which suggested that they did not understand the task (details are described in Additional file [1](#MOESM1){ref-type="media"}: Supplementary Methods). Thus, data from 24 ASD participants and 26 controls were analyzed (age: 20--45 years). In total, 12 ASD participants were administered the following psychotropic drugs: anxiolytics (*n* = 3), antidepressants (*n* = 6), antipsychotics (*n* = 3), antiepileptics (*n* = 2), sleep-inducing drugs (*n* = 6), and other psychotropic drugs (*n* = 3). Although gender, handedness, current smoking status, and estimated full-scale IQ levels were matched between the groups, the control group was slightly younger than the ASD group (Table [1](#Tab1){ref-type="table"}).Table 1Demographic and clinical characteristics of participantsControl groupASD groupStatistics(*N* = 26)(*N* = 24)*p*Age (years)25.7 (6.8)29.5 (4.3)0.01^a^Gender (female)2 (7.7%)3 (12.5%)0.57^b^Handedness (right)2 (7.7%)2 (8.3%)0.93^b^Smoking (current smoker)2 (7.7%)3 (12.5%)0.57^b^Estimated full-scale IQ105.5 (9.3)108.0 (12.1)0.57^a^AQ total16.2 (7.0)34.4 (5.2)\< 0.01^a^ Social skills2.7 (2.9)8.8 (3.0)\< 0.01^a^ Details/patterns3.5 (1.7)4.7 (2.2)0.04^a^ Communication/mindreading1.1 (1.5)4.3 (1.3)\< 0.01^a^Standard deviations or percentages in parentheses*AQ* Autism-Spectrum Quotient, *IQ* intelligence quotient^a^Mann--Whitney test^b^Two-tailed chi-square test

This study was approved by the Committee on Medical Ethics of Kyoto University and the institutional review board of Showa University Karasuyama Hospital and was conducted in accordance with The Code of Ethics of the World Medical Association. After a complete description of the study, written informed consent was obtained from all participants.

Autism-Spectrum Quotient {#Sec4}
------------------------

All participants completed the Japanese version of the Autism-Spectrum Quotient (AQ) test, which has high reliability and validity \[[@CR19], [@CR20]\]. The AQ is a brief and self-administered measure that includes items covering both social and nonsocial aspects of behavior and cognition \[[@CR19], [@CR20]\]. Therefore, it has been widely used to quantify autistic traits in research and clinical practice. To characterize specific autistic traits of each participant, we computed the three factors: "social skills," "details/patterns," and "communication/mindreading" based on the previous studies \[[@CR26]\]. Example items are as follows: the social skills factor ("I frequently find that I don't know how to keep a conversation going" and "I find it hard to make new friends"), the details/patterns factor ("I notice patterns in things all the time" and "I am fascinated by numbers"), and the communication/mindreading factor ("When I'm reading a story, I find it difficult to work out the characters' intentions" and "I am often the last to understand the point of a joke"). The AQ was scored using the collapsed scoring system \[[@CR19], [@CR20], [@CR26]\]. Higher scores for each factor indicated higher autistic traits (e.g., poor social skills).

Economic task {#Sec5}
-------------

We modified a task used in the previous studies \[[@CR6], [@CR7], [@CR9], [@CR17]\]. The current task consisted of two sessions (gain trials and loss trials sessions). Participants were asked to make a series of choices between pairs of different monetary options. In each trial, participants could choose between a fixed monetary amount and a lottery. The fixed monetary amount did not change from trial to trial, but either the outcome probability or the ambiguity level associated with the lottery option could vary from trial to trial.

In the gain trials, participants chose between a guaranteed gain of ¥200 (about \$2) and a lottery that might pay more than ¥200 but might also pay ¥0. The lottery appeared on the screen in the form of a bowl containing 24 red- and blue-colored chips. If the bowl was chosen, one chip was drawn, and participants had the right to win the amount allocated to the color of the drawn chip. In risky lotteries, the entire bowl was visible (Fig. [1](#Fig1){ref-type="fig"}a). In ambiguous lotteries, we used a black occluder to hide the center of the bowl (Fig. [1](#Fig1){ref-type="fig"}b). For instance, as shown in Fig. [1](#Fig1){ref-type="fig"}a, if participants choose the left side, they will win ¥200. If they choose the right side, they will win ¥850 if a red chip is drawn, but they will win ¥0 if a blue chip is drawn. In risky lotteries, five winning probabilities were used in the bowl (0.125, 0.25, 0.375, 0.5, and 0.75; Fig. [1](#Fig1){ref-type="fig"}c), and in ambiguous lotteries, three ambiguity levels were used in the bowl (0.25, 0.5, and 0.75; Fig. [1](#Fig1){ref-type="fig"}d). Probability and ambiguity levels were communicated to the participants using visual displays of lottery bowls before starting the experiment. In addition, we explained that the ambiguous bowls were filled before the experiment began and remained sealed during the experiment, according to the previous studies \[[@CR6], [@CR7], [@CR9], [@CR17]\]. It should be noted that the true probability of winning across all ambiguous lotteries was 0.5 because the true probability of winning in each ambiguous lottery was selected at random and fixed throughout a session and because half of all trials paid-off on red and the other half paid-off on blue \[[@CR6], [@CR7], [@CR9], [@CR17]\]. Five winning amounts (¥200, ¥350, ¥850, ¥2200, ¥5200) were used per risk and ambiguity level. All lottery situations during the task are shown in Additional file [2](#MOESM2){ref-type="media"} (Tables S1 and S2).Fig. 1Experimental design. **a** Examples of the stimuli in the risk condition. **b** Examples of the stimuli in the ambiguity condition. In the gain (loss) trials, participants chose between a guaranteed gain (loss) of ¥200 and a lottery that might pay (could yield losses of) more than ¥200 but might also pay ¥0 (could also yield no loss). For instance, as can be seen in **a**, if participants choose the left side, they will win ¥200. If they choose the right side, they will win ¥850 if a red chip is drawn, but they will win ¥0 if a blue chip is drawn. As shown in **b**, if participants choose the left side, they will lose ¥0 if a red chip is drawn, but they will lose ¥850 if a blue chip is drawn. If they choose the right side, they will lose ¥200. **c** The stimuli of the five winning probabilities are shown (red is the winning color). **d** The stimuli of the three ambiguity levels are shown

Similarly, the loss trials were performed after the gain trials. In the loss trials, participants chose between a guaranteed loss of ¥200 and a lottery that could yield losses of more than ¥200, but that could also yield no loss (¥0). The probability and ambiguity levels of the lotteries were the same as those in the gain trials. Five losing amounts (− ¥200, − ¥250, − ¥350, − ¥850, and − ¥2200) were used per risk and ambiguity level.

In both gain and loss trial sessions, each unique lottery was presented four times, counterbalancing the winning color and the side it appeared on-screen, resulting in a total of 160 trials, that is, 5 amounts × (5 risk + 3 ambiguity) × 4 = 160 trials (320 trials, summing the gain and loss trials). These trials were separated into four blocks. Each block included 40 trials (i.e., 5 amounts × \[5 risk + 3 ambiguity\]) and was performed in a pseudorandom order that was unique to each block. During each trial, participants had 6 s to indicate their choice. The interval between successive trials was 2.5 s. Participants could rest between the blocks, and it was up to them to decide when to begin each block. No feedback of the outcome was provided after each choice.

Before starting the task, we performed a numeracy test to assess the participants' numeracy skills and understanding of numbers (see Additional file [1](#MOESM1){ref-type="media"}: Supplementary Methods). All participants were quizzed about how well they understood the task (Additional file [1](#MOESM1){ref-type="media"}: Supplementary Methods) and practiced at least once on a short version of the task. Only after they successfully completed the quiz were they allowed to proceed to the experiment. We explained that their winnings were defined referring to the outcomes of three gain trials and three loss trials after they had finished (in reality, we paid a maximum pre-defined participation fee of ¥6000), based on the previous studies \[[@CR5], [@CR27]\]. The experiment was presented using E-Prime software (Psychology Software Tools, Inc., Pittsburgh, PA, USA).

Statistical analyses {#Sec6}
--------------------

Because some of our continuous measures were not normally distributed (Shapiro--Wilk test, *p* \< 0.05), we chose Mann--Whitney tests to compare group differences and Spearman's rank correlations for the correlation analyses. Data were analyzed using SPSS 21 (IBM Corp., Armonk, NY, USA). Statistical significance was set at *p* \< 0.05 (two-tailed).

We estimated the participants' attitudes toward risk and ambiguity based on the previous studies \[[@CR6], [@CR7], [@CR9], [@CR17]\]. Under risk, a risk-neutral decision maker would choose the option of the higher expected value (EV; the product of probability and amount) in the gain contexts and the option of the lower EV in the loss contexts. In our task, such a decision maker should choose risky lotteries over the guaranteed payoff 60% of the time in both gain and loss contexts (see Additional file [2](#MOESM2){ref-type="media"}: Tables S3 and S4). Participants who chose risky lotteries less or more were termed risk-averse or risk-seeking, respectively. Thus, the risk attitude will be positive for a risk-averse decision maker and negative for a risk-seeking decision maker, when using the following equation:
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Concerning ambiguity, an ambiguity-neutral decision maker would make the same choices regardless of the ambiguity level. Because the range of possible outcome probabilities was centered at 0.5 in all of the ambiguity trials, such a decision-maker should make the same choices in ambiguous trials and in risky trials in which the outcome probability was 0.5. To estimate ambiguity attitudes, we therefore compared each participant's choices in the ambiguous lotteries to his or her choices in the risky lotteries with a 0.5 outcome probability. Participants who chose ambiguous lotteries less or more often than they chose 0.5 risky lotteries with the same potential reward were termed ambiguity-averse or ambiguity-seeking, respectively. Thus, the ambiguity attitude will be positive for decision makers who are ambiguity-averse and negative for decision-makers who are ambiguity-seeking when using the following equation:$$\documentclass[12pt]{minimal}
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In addition, we further estimated sensitivity to the context change among participants by taking the difference in their risk and ambiguity attitudes to losses from those to gains. Greater sensitivity was denoted by a larger value.

Finally, we performed correlation analyses between these measures (risk attitudes \[gain and loss\], ambiguity attitudes \[gain and loss\], and sensitivity to the context change \[risk and ambiguity\]) and the three factors of the AQ (social skills, details/patterns, and communication/mindreading) among ASD participants.

Results {#Sec7}
=======

Overall, the participants (*N* = 50 \[control 26, ASD 24\]) performed the task well, missing an average of only 0.58 ± 1.30 (mean ± standard deviation \[SD\]) trials. There were no significant differences between the two groups in the decision quality measures, or in reaction time under risk and ambiguity in the gain and loss contexts (see Additional file [1](#MOESM1){ref-type="media"}: Supplementary Methods and Additional file [2](#MOESM2){ref-type="media"}: Tables S5 and S6). Because the order of sessions in the task was not counterbalanced (the loss trial session followed the gain trial session for all participants), we compared measures related to comprehension/attention and the effect of time on these measures between gain and loss trials in both groups. We found no significant difference between gain and loss trials in terms of decision quality. Details are described in Additional file [1](#MOESM1){ref-type="media"} (Supplementary Results).

Attitudes toward risk and ambiguity under gain {#Sec8}
----------------------------------------------

Figure [2](#Fig2){ref-type="fig"}a, b depicts the attitudes toward risk and ambiguity in the gain contexts in both groups. Although no significant difference was found in attitudes toward risk (control 0.25 ± 0.17, ASD 0.28 ± 0.20; *U* = 280.50, *Z* = −0.61, *p* = 0.54, effect size *r* = − 0.09), the ASD group showed attenuated ambiguity aversion (control 0.18 ± 0.18, ASD 0.07 ± 0.14; *U* = 203.50, *Z* = − 2.11, *p* = 0.03, effect size *r* = − 0.30). Because several ASD participants took psychotropic drugs, we compared the behavioral data of ASD participants without psychotropic drugs (*N* = 12) with those of the controls. The analyses did not materially change the results (Additional file [2](#MOESM2){ref-type="media"}: Table S7). Please also see Additional file [1](#MOESM1){ref-type="media"} (Supplementary Results), Additional file [3](#MOESM3){ref-type="media"} (Figure S1), and Additional file [4](#MOESM4){ref-type="media"} (Figure S2) for details regarding the distribution of task measures and potential outliers.Fig. 2Attitudes toward risk and ambiguity under gain. **a** No significant difference was observed in attitudes toward risk between the groups. **b** The ASD group showed reduced ambiguity aversion compared with the controls. Error bars indicate ± standard errors. \**p* \< 0.05

Attitudes toward risk and ambiguity under loss {#Sec9}
----------------------------------------------

Figure [3](#Fig3){ref-type="fig"}a, b depicts the attitudes toward risk and ambiguity in the loss contexts in both groups \[please also see Additional file [1](#MOESM1){ref-type="media"} (Supplementary Results), Additional file [3](#MOESM3){ref-type="media"} (Figure S1), and Additional file [4](#MOESM4){ref-type="media"} (Figure S2)\]. No significant difference was observed in attitudes toward ambiguity (control 0.01 ± 0.11, ASD 0.02 ± 0.13; *U* = 285.50, *Z* = − 0.52, *p* = 0.61, effect size *r* = − 0.07), but ASD participants were less risk-seeking compared with the controls (control − 0.06 ± 0.12, ASD 0.01 ± 0.13; *U* = 200.50, *Z* = − 2.17, *p* = 0.03, effect size *r* = − 0.31). The analyses after excluding the data on ASD with psychotropic medication did not materially change the results (Additional file [2](#MOESM2){ref-type="media"}: Table S7).Fig. 3Attitudes toward risk and ambiguity under loss. **a** The ASD participants were less risk-seeking to losses compared with the controls. **b** Ambiguity attitudes to losses did not differ between the groups. Error bars indicate ± standard errors. \**p* \< 0.05

Sensitivity to the context change {#Sec10}
---------------------------------

We estimated sensitivity to the context change under risk and ambiguity in both groups. Although the difference in sensitivity to the context change under risk did not reach statistical significance between the groups (control 0.32 ± 0.19, ASD 0.27 ± 0.21; *U* = 277.00, *Z* = − 0.68, *p* = 0.50, effect size *r* = − 0.10), this measure under ambiguity was significantly reduced in the ASD group compared with the control group (control 0.16 ± 0.18, ASD 0.05 ± 0.14; *U* = 195.50, *Z* = − 2.27, *p* = 0.02, effect size *r* = − 0.32). The analyses after excluding the data on ASD with psychotropic medication did not materially change the results (Additional file [2](#MOESM2){ref-type="media"}: Table S7). Details are described in Additional file [1](#MOESM1){ref-type="media"} (Supplementary Results), Additional file [3](#MOESM3){ref-type="media"} (Figure S1), and Additional file [4](#MOESM4){ref-type="media"} (Figure S2).

Correlation analyses {#Sec11}
--------------------

In the correlation analyses, we found no significant relationship between attitudes toward risk or ambiguity and the AQ factors among ASD participants, except for a negative correlation between risk attitudes to gains and the communication/mindreading factor (*rho* = − 0.43, *p* = 0.03) (Additional file [2](#MOESM2){ref-type="media"}: Table S8). Sensitivity to the context change under risk and ambiguity was both significantly and negatively correlated with the social skills factor of AQ (*rho* = − 0.44, *p* = 0.03 and *rho* = − 0.50, *p* = 0.01, respectively; Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Correlations between sensitivity to the context change under risk and ambiguity and social skills factor of the AQ among ASD participants. **a** Correlations between sensitivity to the context change under risk and the social skills factor of the AQ (*rho* = − 0.44, *p* = 0.03). **b** Correlations between sensitivity to the context change under ambiguity and the social skills factor of the AQ (*rho* = − 0.50, *p* = 0.01). Asterisk, overlapping data point

Discussion {#Sec12}
==========

To the best of our knowledge, this is the first study to investigate risk and ambiguity attitudes in both gain and loss contexts in participants with ASD. The results provide new insights into altered decision-making under uncertainty that occurs in patients with ASD.

As in previous studies \[[@CR6], [@CR7], [@CR9], [@CR17]\], our healthy controls were, on an average, risk averse in the gain context and risk seeking in the loss context; they were also ambiguity averse in the gain context but largely ambiguity neutral in the loss context.

In gain contexts, no significant difference was observed between the groups in risk attitudes, but ambiguity aversion was attenuated in the ASD group. This suggests that they had greater tolerance for options with consequences that had unknown probabilities under positive circumstances. In loss contexts, ambiguity attitudes did not significantly differ between the groups, but the ASD participants were less risk-seeking compared with the controls, indicating that they avoided risk-taking around potential negative outcomes when outcome probabilities were known. These dissociated behavioral patterns, which were altered under risk and ambiguity, might make it difficult to assess behavioral disturbances of this patient group in clinical settings. Previous studies using the IGT have yielded inconsistent results concerning altered decision-making under uncertainty in those with ASD; some studies reported poor performance of IGT in ASD while other studies did not \[[@CR12], [@CR28]--[@CR30]\]. The distinct behavioral patterns altered by risk and ambiguity in our study, along with the mixed results of previous IGT studies, emphasize that it is critical to distinguish risk and ambiguity in order to understand altered decision-making under uncertainty in ASD clearly. We found no significant relationship between either the risk or the ambiguity attitudes and the AQ factors, except for the negative correlation between risk attitudes to gains and the communication/mindreading factor. Therefore, we could not infer the mechanisms underlying the altered attitudes toward risk and ambiguity in ASD. However, our findings should provide an impetus for future neuroimaging studies that elucidate the mechanisms of altered attitudes toward risk and ambiguity in those with ASD.

It is important to note that sensitivity to the context change under both risk and ambiguity was significantly and negatively correlated with the social skills factor of the AQ in ASD participants (although the difference in this measure under risk did not reach statistical significance between the groups, it served as important individual difference variables within the ASD group). It is well known that individuals react to a particular choice in a different manner under risk depending on whether it is presented as a gain or as a loss (referred to as the "framing effect") \[[@CR15], [@CR16]\]. Furthermore, a recent study demonstrated that the framing effect also existed during decision-making under ambiguity \[[@CR31]\]. This effect is economically irrational but seems to play a key role in making optimal decisions under uncertain situations \[[@CR15]\]. Previous studies have examined the framing effect on monetary decisions in individuals with ASD \[[@CR2], [@CR14]\]. These studies have shown that ASD individuals are less susceptible to the framing effect and make more consistent choices, and the authors have proposed that ASD confers enhanced logical consistency, which clinically presents as reduced behavioral flexibility. More recently, Farmer et al. compared a series of choices regarding consumer products between ASD participants and controls \[[@CR18]\] and showed that participants' preferences between a given pair of options frequently switched when the third item in the set was changed. This tendency was reduced among ASD participants, indicating more consistent and conventionally rational choices \[a comparison of people with low- vs high-levels of autistic traits assessed by AQ (drawn from the general population) also revealed a weaker version of the same effect\]. The authors have proposed that the price ASD individuals pay for this resistance to contextual influence may be a reduction in the potentially adaptive updating of beliefs about optimum choices that come from using local comparisons to inform decision-making. Taken together, our results, using a different experimental paradigm, supported these previous findings \[[@CR2], [@CR14], [@CR18]\] and suggested that a difficulty to adapt behavioral strategies according to the valence of the context under both risk and ambiguity might be related with poor social skills in individuals with ASD.

As for the clinical implications of this study, our findings support the notion that behavioral economics is a promising method for objectively evaluating behavioral disturbance in patients with psychiatric disorders \[[@CR9], [@CR17]\]. Rodgers and colleagues have elegantly demonstrated that intolerance of uncertainty plays an important role in understanding anxiety symptoms in ASD \[[@CR32]--[@CR36]\]. Although the jargon used in psychology and economics is not necessarily identical and careful interpretation is needed, a previous study reported a possible link between ambiguity intolerance and ambiguity aversion in healthy population \[[@CR37]\]. The behavioral economics tools are relatively affordable and easy to administer, and thus, applying these tools may provide insights into the mechanisms underlying behavioral disturbances under uncertain environment in ASD.

There are several limitations to this study. First, half the individuals with ASD were administered psychotropic medication, which means that we cannot exclude the possibility of a medication effect. For example, previous studies have shown that dopaminergic and serotoninergic agents influence risk-taking behaviors \[[@CR38]\]. In addition, Beninger et al. found an association between antipsychotic drug use status and better performance on the gambling task in patients with schizophrenia \[[@CR39]\]. Unfortunately, the medicated participants with ASD in our study were administered different types of psychotropic drugs, hampering further analysis of the effect of medication on our behavioral results. However, we still found significant differences between the groups with regard to the three measures (i.e., risk attitudes \[loss\], ambiguity attitudes \[gain\], and sensitivity to the context change \[ambiguity\]) when analyzing the data, excluding those of the ASD participants administered psychotropic medication. Our findings should be replicated in future research that recruits more individuals with ASD who are not taking medication. Second, the order of sessions in our task was not counterbalanced (the loss trial session followed the gain trial session for all participants). Thus, factors related to the order of testing (e.g., fatigue) have the possibility of causing confounding. However, to minimize the influence of fatigue on the task performance, we allowed sufficient rest time between each block. The experimenter also observed participants during the task, and the post-task interview confirmed that their concentration throughout the task was good. Furthermore, we found no significant difference between gain and loss sessions in terms of decision quality for both groups. Before data collection, we took steps to ensure that task instructions were understood; in these steps, the participants were required to pass the numeracy test and comprehension quizzes. Thus, we believe that our study can provide a good foundation for future studies. Third, although the difference was small, the healthy controls were younger. A previous study investigated risk and ambiguity attitudes in both gain and loss contexts in healthy subjects aged 12--90 years and found no significant differences in these attitudes between the young adults group (21--25 years) and the midlife adults group (30--50 years) \[[@CR6]\]. Therefore, given the age range of our sample (20--45 years), we believe that our findings will be useful for obtaining a better understanding of decision-making under uncertainty in ASD. Fourth, emotional factors, including interoception, have recently been reported to play a key role in decision-making \[[@CR2], [@CR40], [@CR41]\]. For example, Shah et al. have demonstrated that framing effects are associated with interoception and alexithymia in the neurotypical population but that emotional and interoceptive signals have less impact on decision-making processes in ASD \[[@CR2]\]. However, we did not measure factors, such as alexithymia, in the current study. Future studies should comprehensively take social and emotional factors into account and investigate the contribution of such factors in risk and ambiguity attitudes in ASD. Fifth, because of the exploratory nature of this study, no correction was applied for multiple comparisons during the group comparisons of the task measures (Mann--Whitney tests) and the correlation analyses between these measures and the AQ factors. Thus, our preliminary findings should be interpreted cautiously and need to be carefully replicated in future research. Nevertheless, the current results may serve as an indication of the fruitfulness of research in this area and motivate future research on a wider scale.

Conclusions {#Sec13}
===========

In conclusion, the current results extend previous findings by disentangling the attitudes toward risk and ambiguity in individuals with ASD. Applying behavioral economic tools may provide insights into the mechanisms underlying behavioral disturbances in ASD.

Additional files
================

 {#Sec14}

Additional file 1:Supporting information concerning the task measures. Detailed explanations regarding risk and ambiguity attitudes are included in the Supplementary Introduction. Details concerning the exclusion criteria, numeracy test, quiz, and decision quality measures are described in the Supplementary Methods. The distribution of the task measures, potential outliers, and decision quality in gain and loss trials are explained in the Supplementary Results. (DOCX 1737 kb) Additional file 2:Tables showing the details of the task measures. **Table S1.** All lottery situations in the gain trials. Table S2. All lottery situations in the loss trials. Table S3. Probability of choosing a lottery for a risk-neutral decision maker in the gain contexts. Table S4. Probability of choosing a lottery for a risk-neutral decision maker in the loss contexts. Table S5. Measures of decision quality. Table S6. Reaction time (ms) in risk and ambiguity conditions. **Table S7.** Results of additional analyses between ASD participants without psychotropic medication and controls. Table S8. Correlation coefficients between risk and ambiguity attitudes and the three factors of the Autism-Spectrum Quotient (AQ) among ASD participants. (DOCX 84 kb) Additional file 3:Distribution of the task measures (**Figure S1.**) **Figure S1.** depicts the distribution of each of the task measures (risk attitudes \[gain and loss\], ambiguity attitudes \[gain and loss\], and sensitivity to the context change \[risk and ambiguity\]). Because some of the task measures were not normally distributed (Shapiro--Wilk test, *p* \< 0.05), we chose Mann--Whitney tests to compare group differences. Concerning the task measures that were normally distributed, we also compared the group difference using two-sample t-tests, which did not materially change the results. (TIFF 1149 kb) Additional file 4Analyses of the task measures after excluding the potential outliers (**Figure S2.**) To confirm our conclusion of this study, we also reanalyzed the group comparison of the task measures (risk attitudes \[gain and loss\], ambiguity attitudes \[gain and loss\], and sensitivity to the context change \[risk and ambiguity\]) after excluding the potential outliers of each task measure (\> 2 SD from the group mean). These analyses did not materially change the results. (TIFF 1368 kb)

AQ

:   Autism-Spectrum Quotient

ASD

:   Autism spectrum disorder

DSM-IV-TR

:   Diagnostic and Statistical Manual of Mental Disorders fourth edition text revision

EV

:   Expected value

IGT

:   Iowa Gambling Task

IQ

:   Intelligence quotient

JART

:   Japanese version of the National Adult Reading Test

SCID

:   Structured Clinical Interview for DSM-IV Axis I Disorders

SD

:   Standard deviation

WAIS-III

:   Wechsler Adult Intelligence Scale-Third Edition

WAIS-R

:   Wechsler Adult Intelligence Scale-Revised
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